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Summary:  In the coming years, it is likely that the first potentially Earth-like planets will be 
discovered orbiting other stars. Once found, the characterisation of those planets will play a 
vital role in determining which will be chosen as the first targets for the search for life beyond 
the Solar System. We must thus be able to gauge the relative importance of the various factors 
proposed to influence potential planetary habitability, in order to best focus that search. 
 
One of the plethora of factors to be considered in that process is the climatic variability of the 
exo-Earths in question. In the Solar System, the Earth’s long-term climate is driven by several 
factors, including the modifying influence of life on our atmosphere, and the temporal 
evolution of solar luminosity. The gravitational influence of the other planets in the Solar 
System adds an extra complication, driving the Milankovitch cycles that are thought to have 
caused the on-going series of glacial and interglacial periods that have dominated Earth’s 
climate for the past few million years. 
 
Here we present preliminary results of three suites of integrations that together examine the 
influence of Solar System architecture on the Earth’s Milankovitch cycles. We consider 
separately the influence of the planets Jupiter, Mars and Venus, each of which contributes to 
the forcing of Earth’s orbital evolution. Our results illustrate how small changes to the 
architecture of a given planetary system can result in marked changes in the potential 
habitability of the planets therein, and are an important first step in developing a means by 
which the nature of climate variability on planets beyond our Solar System can be 
characterised. 
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Introduction 
 
The question of whether we are alone in the universe is one that has long fascinated 
humankind. In the early to mid-twentieth century, speculation abounded as to the possibility 
of complex and advanced life on our nearest planetary neighbours – Mars and Venus (e.g. 
[1][2][3]). Some authors even went so far as to speculate on the forms that Martian and 
Venusian life might take (e.g. [4]).  
 
With the dawn of the space age, and the advent of the first missions to other planets, it soon 
became abundantly clear that neither Mars nor Venus could host advanced life1. The Mariner 
                                                          
1 In broad terms, advanced life is here taken to mean macroscopic, rather than microscopic life.  
9 spacecraft revealed Mars to be an arid world, cold and desolate (e.g. [5][6]), whilst the 
Venera missions showed Venus to be less habitable still, with a surface hot enough to melt 
lead (e.g. [7][8]). The observations of Mars suggested a past that might once have been wetter 
and warmer than the present (e.g. [9]), but neither planet offered hope for the discovery of 
contemporaneous advanced life.  
 
In the past two decades, the question of life elsewhere has once again become the topic of 
serious discussion. Within our Solar System, the discovery of liquid water in a variety of 
locations has reawakened the possibility that microscopic life could find habitats beyond the 
Earth. Observations taken by the Galileo orbiter indicate the presence of sub-surface oceans 
on the Jovian satellites Europa ([10][11]), Ganymede ([12]), and Calisto ([13][14]). Similarly, 
and more surprisingly, the Cassini orbiter has found striking evidence of liquid water on the 
small Saturnian moon, Enceladus (e.g. [15][16]). Once again, however, the most promising 
target for the search for life in the Solar system seems to be Mars, with recent observations 
confirming the presence of water-based salty liquid brine on the planet’s surface ([17]). 
However, despite this, there remains some debate over the modern habitability of Mars, as a 
consequence of its harsh surface conditions (e.g. [91]). 
 
At the same time, we have seen the discovery of the first exoplanets. At first, in the mid-to-
late 1990s, the planets found were nothing like the Earth – behemoths comparable in mass to, 
or more massive than, Jupiter, but orbiting at a fraction of Jupiter’s orbital radius (e.g. 
[18][19][20]). As time has passed, however, the techniques used to search for planets have 
improved, and the temporal baselines of the searches have grown longer. Taken in concert, 
these advances have allowed astronomers to discover more distant giant planets, analogous to 
those in our own Solar System (e.g. [21][22][23]), and also to find ever smaller planets 
orbiting stars like the Sun (e.g. [24][25][26]).  
 
As a result of the new techniques and instruments available to astronomers, including the 
exceptionally productive Kepler spacecraft, it is becoming increasingly clear that small 
planets far outnumber larger ones (e.g. [27][28][29]. A number of new exoplanet search 
programs will soon begin that will build on this knowledge, greatly increasing the number of 
small exoplanets known. In the next decade, new space-based surveys (the Kepler K2 mission 
[30][31], TESS [32], and PLATO [33]) will be complemented by observations taken by 
dedicated ground based facilities, such as MINERVA ([34]), NRES ([35]), and the newly 
announced MINERVA-Australis, to be constructed in 2016 at the University of Southern 
Queensland’s Mt. Kent Observatory.  
 
In the coming years, it is likely that these new exoplanet search programs will discover the 
first truly Earth-like planets orbiting nearby stars – planets of comparable size and mass to our 
own, orbiting at a distance from their host star that would allow liquid water to be present and 
stable on their surface. Once we cross this threshold, the search for life beyond the Solar 
System will move from the ‘needle-in-a-haystack’ search for evidence of intelligent aliens 
(SETI, e.g. [36][37][38]) to the systematic search for biomarkers on known Earth-like planets 
(e.g. [39][40]). However, the observations needed to characterise the newly discovered 
planets, and to search for any evidence of life upon them, will be incredibly challenging, and 
will require highly detailed and time consuming observations (e.g. [41][42]). It will therefore 
be critically important to determine the most promising targets for such observations, in order 
to maximise our chances of a positive and timely outcome. But how will that selection 
process be carried out? 
 
Clearly, the ease with which a given target can be observed will play an important role – but 
beyond that, it is likely that the potential habitability of the planets discovered will be 
assessed prior to their being chosen for detailed further study. It is thought that a wide variety 
of factors combine to render one planet more (or less) habitable than another (e.g. [43], and 
references therein). Among many other factors, the stability of the climate on the planets in 
question will clearly play an important role in determining the most promising target to study 
in the search for life elsewhere. 
 
It is well established that the Earth’s climate has exhibited significant variability throughout 
its history. At times, our planet has been far warmer than today (such as during the late 
Permian and early Triassic periods, some 250 million years ago; [44]), whilst at others it was 
significantly colder (such as the famous ‘Snowball Earth’ episodes, thought to have occurred 
on several occasions through Earth’s history – e.g. [45][46]).  
 
These climatic variations have been driven by a wide variety of factors. Earth’s climate has 
been strongly affected by the configuration of the continents (e.g. hot, dry conditions when 
there was a supercontinent [85]; biological evolution (e.g. substantial draw-down of CO2 
from the atmosphere following the first appearance of land-plants [86]); volcanism (e.g. the 
end-Permian mass-extinction [87]); impacts (e.g. the possible effect of an asteroid collision at 
the end of the Cretaceous [88][89]); and the steady increase in solar luminosity through time 
[90].   
 
In addition to these long-term changes, and those driven by stochastic, unpredictable events, 
the Earth also experiences periodic climatic variation on relatively rapid geological 
timescales. Perhaps the best demonstration of such variability is that of the last few million 
years, which have been characterised by a series of glacial and interglacial periods (e.g. [47]). 
The cause of this semi-periodic behaviour are the Milankovitch cycles (e.g. [48][49]) – 
variability in the Earth’s orbital eccentricity, obliquity and the timing of seasons relative to 
perihelion passage, driven by the gravitational influence of the Solar System’s other planets. 
 
Although the scale of Earth’s climatic variability in the last few million years seems relatively 
dramatic, the variations in Earth’s orbit that have driven that variability are actually rather 
small. The Earth’s obliquity (the angle between its equatorial and orbital planes) varies by 
just over two degrees, whilst its eccentricity rarely ranges higher than ~0.06 (as can be seen in 
Figure 1 of [54]). It is certainly possible to imagine scenarios where an exo-Earth that might 
otherwise be highly promising as a target for the search for life would be driven to far greater 
excursions in eccentricity and inclination than is the Earth, without rendering its orbit 
sufficiently dynamically unstable as to render the system untenable.  
 
The Milankovitch cycles of the planet Mercury, for example, can drive the planet’s orbital 
eccentricity as high as 0.45 ([50][51]). If that were to be replicated for an otherwise habitable 
exo-Earth, that planet would experience epochs at which its orbital distance would vary by a 
factor of almost three from pericentre to apocentre. That would, in turn, result in the amount 
of flux received by a given region of its surface from its host star varying by almost nine 
times – something that might preclude, or severely hinder, the development of even the most 
basic forms of life2. 
 
                                                          
2 We note that the impact of the Milankovitch cycles would likely be diminished for life in the deep ocean 
relative to life on land. 
Unlike the other processes that drive climate change, therefore, the Milankovitch cycles of a 
given planet will be unique to that world, driven by the gravitational influence of the other 
planets in the system. As a result, this offers the potential that the study of the Milankovitch 
cycles in newly discovered exoplanetary systems could form an important part of a procedure 
for identifying the most promisingly habitable worlds for further study. 
 
This idea was examined by [52] in the context of our Solar System using a simple analytic 
approach, examining (among other things) the degree to which the architecture of our Solar 
System is unusual in the small scale of Earth’s Milankovitch cycles. That work suggested that 
the Earth experiences unusually low Milankovitch frequencies when compared to similar 
systems with alternative architectures. We note, however, that the analytic model used in that 
work was unable to account for the influence of resonant effects and direct encounters 
between planets, and so serves more as the seed of an interesting idea, rather than strong 
indication of our Solar System’s uniqueness. To build on that work, we therefore decided to 
carry out a similar study that fully models the interactions between the planets involved, as a 
first step in building a technique to help direct the search for life.   
 
In this paper, we build upon our presentations at the two previous Australian Space Research 
Conferences ([53][54]), in which we examined the role played by Jupiter in determining the 
scale and frequency of Earth’s Milankovitch cycles. Here, we compare the results of detailed 
n-body integrations that model Jupiter’s influence on the amplitude and frequency of Earth’s 
orbital oscillations to new simulations that model the influence of the Earth’s nearest 
planetary neighbours, Mars and Venus.  
 
In the next section, we detail our simulations, recapping those performed to determine 
Jupiter’s influence, and summarising our new runs modelling the effects of Venus and Mars. 
We then present our preliminary results, before concluding with a discussion of the results 
and our plans for future work. 
 
The Simulations 
 
In order to examine how the Earth’s Milankovitch cycles change as a function of the Solar 
System’s architecture, we use a modified version of the Hybrid integrator within the n-body 
dynamics package MERCURY ([55]). In its default form, MERCURY neglects relativistic 
effects, calculating the orbital evolution of objects in a purely Newtonian manner. For most 
applications (e.g. [56][57][58]), this is no impediment – and performing simulations using a 
Newtonian rather than relativistic formulism allows the code to run significantly faster than 
would otherwise be the case. However, the assumption that relativistic effects do not 
significantly affect the evolution of objects begins to break down as one approaches 
sufficiently close to massive bodies such as the Sun – as is well illustrated by the failure of 
Newton’s gravitation to explain the precession rate of Mercury’s perihelion (e.g. [59][60]).  
 
Here, we use a modified version of MERCURY that implements a user-defined force to take 
account of the first-order post-Newtonian relativistic correction ([61]). We have performed 
tests of the modified code, and have confirmed that it accurately replicates the evolution of 
Mercury’s orbit. The addition of the user-defined force causes the code to run somewhat 
slower than would otherwise be the case – but thanks to recent advances in the computational 
power available for us, this has not proved to be too great an impediment. 
 
We have used our code to carry out three suites of n-body integrations, using the Katana 
supercomputing cluster at the University of New South Wales, and the Epic supercomputing 
cluster, now retired, hosted by iVEC in Western Australia. The three suites of integrations are 
setup, where possible, in identical manners. They ran for a period of ten million years in to 
the future, from initial conditions based on the NASA DE431 ephemeris [62]. In order to 
maximise the accuracy of the simulations, an integration time-step of 1 day was used. The 
orbital elements of each of the planets are output at 1,000-year intervals for every simulation. 
 
The first, and most detailed, suite of integrations was that which examined the influence of 
Jupiter’s orbit on Earth’s Milankovitch cycles. For these simulations, the preliminary results 
of which we presented in [54], we tested 159,201 unique versions of our Solar System. In 
those simulations, the initial orbits of all the planets except Jupiter were held fixed at their 
DE431 values. By contrast, the semi-major axis and eccentricity of Jupiter’s orbit was varied 
systematically through the runs, such that a 399 x 399 grid of solutions were tested in semi-
major axis – eccentricity space. The semi-major axis values tested for Jupiter spanned a 
region of 4 au, centred on the DE431 value of a = 5.203102 au, and were distributed evenly 
throughout the range. The eccentricities considered were evenly distributed between circular 
orbits (e = 0.0) and those with moderate eccentricity (e = 0.4).  
 
Given the wide range of Jovian orbits considered, we anticipated that at least some of the 
solutions tested would prove to be dynamically unfeasible – as has often be found when 
testing the proposed orbits of newly discovered exoplanetary systems (e.g. [63][64][65]). To 
address this issue, if any of the planets collided with one another, fell into the Sun, or reached 
a barycentric distance of 40 au, the simulations were halted, and the time at which the event 
happened was recorded. 
 
These simulations allowed us to create maps showing how the Earth’s orbital elements varied 
with time as a function of Jupiter’s initial orbital semi-major axis and eccentricity, as well as 
allowing us to map out the regions of instability where Jupiter tore the Solar System asunder. 
These maps build on our earlier work studying the stability of Solar System and exoplanetary 
orbits (e.g. [66][67]), and provide a visual guide to the manner in which Earth’s Milankovitch 
cycles are modified by Jupiter’s orbital characteristics.  
 
We have now complemented these simulations of Jupiter’s influence by examining the 
influence of Mars and Venus on the Earth’s orbital evolution. These new simulations each 
considered 39,601 different orbits for the planet in question. For both planets, we tested 199 
unique values of eccentricity spread evenly between 0.0 and 0.3. At each of these 
eccentricities, we tested 199 unique values of semi-major axis, centred on the DE431 values 
for the planet’s orbit. For Mars, the semi-major axes chosen were therefore centred on 1.524 
au, and ranged as far as 0.45 au on either side of that value (i.e. ranging from 1.074 To 1.974 
au). For Venus, the semi-major axes centred on 0.723 au, and ranged 0.277 au on either side 
of that value (for a range between 0.446 and 1.000 au).   
 
We are currently in the process of taking the numerical results of these simulations (the 
orbital elements of the Earth across the three suites of integrations) and using them as input 
for simple climate models (e.g. [68]). Those calculations for our Jupiter simulations are 
almost complete, and we anticipate that the full analysis will be ready in the near future.  
 
 
Preliminary results 
 
In order to directly compare the influence of Jupiter, Mars and Venus on Earth’s 
Milankovitch cycles, we present here the root-mean-square rates of change of the Earth’s 
orbital inclination and eccentricity over the ten million year period integrated in this work. 
Regions plotted in black are those where the Solar System was rendered unstable within the 
ten million year timeframe of our simulations by the initial architecture chosen. Figure 1 
presents the rate of change of Earth’s orbital eccentricity as a function of the chosen planet’s 
semi-major axis and eccentricity, whilst Figure 2 presents the rate of change of its inclination 
with the planet’s semi-major axis and eccentricity. 
 
 
 
Figure 1: The root-mean-square rate of change of Earth’s orbital eccentricity over a ten 
million year period, plotted on a logarithmic scale, to illustrate the influence of the Solar 
System’s architecture on our planet’s Milankovitch cycles. The top panel shows the 
variability as a function of Jupiter’s initial semi-major axis and eccentricity, with the 
variability as a function of Mars and Venus’ orbits being plotted in the centre and lower 
panels, respectively. Regions in black are those for which the Solar System was rendered 
dynamically unstable by the chosen architecture, with planets either colliding with one 
another, being thrown into the Sun, or reaching a barycentric distance of 40 au (for Jupiter) 
or 1000 au (Venus and Mars). The orbit of the planet in our own Solar System lies at the 
centre of the hollow red circle. 
 
 
 
Figure 2: The root-mean-square rate of change of Earth’s orbital inclination over ten million 
years, on a logarithmic scale, as a function of the initial orbit of Jupiter (top), Mars (middle) 
and Venus (bottom). The regions shown in black are those where the Solar System become 
unstable within the ten million year runtime, with planets being ejected, colliding with one 
another, or being thrown into the Sun. As before, the hollow red circle denotes the orbit of the 
planet in question in our own Solar System. 
 
 
Discussion and Conclusions 
 
Several things are immediately apparent when one compares the influence of Jupiter, Mars 
and Venus on the Earth’s orbital evolution (Figures 1 and 2). The first is how moving the 
three planets impacts the stability of the Solar System. As we noted in [54], the Solar 
System’s stability is strongly dependent on Jupiter’s initial orbit, with only a relatively small 
change in the planet’s orbit being enough to destabilise the entire Solar System.  
 
The same, to an extent, is true of Venus – if placed on an orbit with a perihelion distance less 
than ~0.485 au, Venus comes close enough to Mercury that the two undergo strong 
gravitational interaction, destabilising the Solar System. Similarly, if Venus’ aphelion exceeds 
~0.92 au, it strongly interacts with the Earth, again leading to the Solar System’s 
disintegration. This result is not hugely surprising. Indeed, [69] studied the effect of tightly-
packing planets on their orbital stability, and found that two planet systems are typically 
stable so long as the planets therein are separated by more than 2√3 times their mutual Hill 
radius, where for  low eccentricity orbits the mutual Hill radius is defined as: 
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Here 1m  and 2m  are the masses of the two planets in question, M is the mass of the central 
star, and 1a  and 2a are the semi-major axes of the orbits of the two planets. In the case of 
Earth and Venus, we find that when Venus is at 0.92 au from the Sun, with the Earth at 
perihelion at ~0.98 au, their instantaneous mutual Hill radius is 0.012 au. Therefore, the two 
planets are separated by just approximately five mutual Hill radii, only slightly more than the 
2√3 Hill radii noted by [69].  Accordingly, the boundary between unstable and stable regimes 
in the region ~0.75 – 0.92 au tends to follow the line of constant aphelion distance meeting 
this criterion. It should be noted, too, that the values plotted for the semi-major axis and 
inclination of Venus (and Mars and Jupiter, in the other plots), are the instantaneous values at 
the start of the simulations – and it is quite feasible that planets which start out separated by 
more than these 2√3 Hill radii will occasionally experience periods that offer encounters 
closer than this distance. For this reason, the boundary between stable and unstable regimes 
does not perfectly follow a line of constant Venutian aphelion, but instead tends along that 
line, with a certain amount of noise and fluctuation.  
 
An exception to these regions of stability and instability resulting from close approaches 
occurs when Venus is placed at the location of mean-motion resonances with either Earth or 
Mercury, which can be seen as the striking vertical features in both figures (albeit most 
pronounced in Figure 1). Perhaps the most interesting of these regions of resonant stability is 
the one in the vicinity of the Earth’s orbit, around 1 au from the Sun. Here, Venus and Earth 
can remain dynamically stable, and are most likely trapped in mutual 1:1 resonance – in other 
words, Venus is acting as a Trojan companion to the Earth. Such companions are widely 
observed in our own Solar System (e.g. the Jovian and Neptunian Trojans, [70][71][72][73]), 
and the existence of planet-mass Trojans has been suggested as a means by which potentially 
habitable worlds could be found in planetary systems with hot- or warm-Jupiters (e.g. 
[74][75][76]).  
 
Such papers usually discuss the existence of Trojan companions that are far less massive than 
the planet with which they share an orbit – just as is the case for the Trojan companions to the 
Solar System’s planets. However, [77] considered the question of whether planets of similar 
or equal mass could survive as mutual Trojan companions. They found that mutually resonant 
planets could remain dynamically stable so long as their combined mass did not exceed 
~1/26th of the mass of their host star. As such, our result that Venus and Earth could form a 
dynamically stable Trojan couple is not perhaps that surprising – but it is certainly interesting 
to consider, and opens up an additional direction for further study in the future. Namely – 
would the existence of a Trojan companion render the climate of a given planet too unstable 
for the evolution of detectable life? Whilst our results offer no definitive conclusions to the 
answer to this problem, it is clear that the stable 1:1 resonant solutions in our simulations 
featured variability in orbital inclination and eccentricity far more rapid than are experienced 
within our current Solar System. For this case, at least, it might therefore be to consider those 
solutions less habitable than our own Earth – but significantly more work would be required 
to extend this to a general argument for all Trojan scenarios. 
 
In the case of Mars, far less instability is seen. Once again, though, it is clear that moving 
Mars too close to the orbit of the Earth will render the system unstable (region leftward of a 
line of constant perihelion ~1.06 au). Even above this line, though, a significant number of 
solutions survive for the 10 Myr of our simulations. This might well be an artefact of the 1000 
au ejection criteria used in the simulations for Mars, however – and we intend to re-run those 
simulations in the near future using a 40 au ejection distance to match our work with Jupiter. 
 
The influence of mean-motion resonances can be clearly seen in the plots detailing Mars’ 
influence. To the outer edge of those plots, unstable solutions are found near a = 2 au. This 
instability is the result of the influence of the 4:1 mean-motion resonance with Jupiter, which 
is centred at 2.06 au, and is the cause of a broad Kirkwood gap in the asteroid belt (e.g. [78]). 
The influence of a less disruptive mean-motion resonance can be seen at ~1.587 au, in the 
form of a vertical stream of slightly accelerated variability in Earth’s eccentricity evolution 
(Figure 1, middle plot). This is the location of the 2:1 mean-motion resonance between Earth 
and Mars. 
 
Whilst the effect of resonances between Earth and Mars is somewhat understated in both 
Figure 1 and Figure 2, resonant interactions between Earth and Venus have a far stronger 
influence on the rate of change of Earth’s orbit. This is not unsurprising – Venus is almost 
eight times more massive than Mars, and not hugely less massive than the Earth – so with all 
else equal, one would expect it to more strongly perturb our planet. This is borne out in the 
strength of the resonant perturbations on Earth visible in the lower panel of Figure 1, and the 
broader region of instability caused by Venus and Earth undergoing close approaches. Mars, 
the less massive of the two planets, can approach Earth slightly closer than Venus before 
destabilising the Solar System. 
 
Beyond these observations on broad stability, a further surprising result is clear from our 
simulations. When moved away from its current location, Venus can induce far more rapid 
shifts in both Earth’s orbital eccentricity (Figure 1) and inclination (Figure 2) than are 
observed for our simulations of Jupiter’s influence. Before we leap to the conclusion that 
Venus actually has a greater influence on Earth’s climate than does Jupiter, we need here to 
include the caveat that, even in the most extreme scenarios tested, Jupiter remained far 
beyond Earth’s orbit, at ~3.2 au from the Sun. It would be interesting to see how Jupiter 
would affect Earth’s inclination and eccentricity were it moved further inward – though 
obviously it would eventually destabilise the system were it moved sufficiently far inward! 
 
Whilst the influence of Venus on Earth’s eccentricity evolution is strongest when resonant 
interactions come into play, it is interesting to observe that the same is not true for its 
influence on Earth’s orbital inclination. The more closely Venus and Earth approach one 
another, the more rapidly the inclination of Earth’s orbit is driven to change. This behaviour is 
strikingly illustrated towards the right-hand edge of the stability region in the lower panel of 
Figure 2. 
 
Aside from those regions where close approaches or resonant interactions begin to render the 
Solar System unstable, our results show that Mars has a far less significant impact on the 
orbital evolution of the Earth than either Venus or Jupiter. The plots in Figures 1 and 2 all 
span the same range in inclination and eccentricity variability – and the variation seen across 
the bulk of the Martian simulations is lower than that for either Venus or Jupiter. Mean 
motion resonances (vertical strips in the plots) do induce some variability, and the eccentricity 
and inclination plots also reveal subtle variations – the ‘breaking wave’ in Figure 1, and the 
prominence-like loop in Figure 2. These are most likely the result of secular interactions 
between the planets, but are relatively minor features compared to the strong variability 
resulting from the other two planets. 
 
In the coming year, we intend to pair our simulations of Venus, Mars and Jupiter’s influence 
with climate models, which will incorporate the precession of the Earth’s axis, allowing us to 
determine the variability of the Earth’s obliquity in our simulations. The obliquity variability 
is the key dynamical parameter in translating the ongoing perturbations on Earth’s motion 
into the resulting climatic variability, and will feed directly into our climate models.  
 
Beyond that work, we have begun a suite of integrations that will examine how Earth’s initial 
orbit influences its Milankovitch cycles. In those simulations, we hold the initial orbits of the 
other planet fixed, as described in this work, and instead move the Earth within the Solar 
System. Those simulations are currently underway on UNSW Australia’s Katana 
supercomputing cluster, and will bring the first phase of our study of planetary architecture 
and climate stability to a close.   
 
Taken in concert, our work will help us to uncover the degree to which fine tuning in 
planetary architecture can impact the climate, and potential habitability, of planets like the 
Earth. In doing so, it will give us a feel for how ‘unusual’ the Earth’s climatic variability is. A 
core tenant of the ‘Rare Earth’ philosophy (e.g. [79]) is that the Earth is unusually fortunate in 
its properties – almost a fluke of nature that just happens to be a safe haven in an inimical 
cosmos. It suggests that, for example, the impact rate at Earth is far lower than it would be 
were the giant planet Jupiter not present – in other words, that without our good fortune in 
having a giant protector, we would not be here. Whilst that particular aspect of the hypothesis 
has since been effectively demolished (see e.g. [56][80][81][82][83][84]), the idea 
underpinning the thesis remains under debate. Is the Earth unusually quiescent? Would most 
other ‘Earths’ be far less habitable than our own? Once we bring together climate modelling 
with our n-body simulations, we will begin to get a feel for just how precarious is Earth’s 
climate, in the context of the architecture of our own planetary system.  
 
Beyond this, however, our work will build a framework by which the climatic variability of 
newly discovered exoEarths can be estimated – once such planets are found. Whilst this is far 
from the only consideration when it comes to determining the suitability of those planets as 
targets in the search for life, it will still provide a useful datum – potentially helping to rule 
out some otherwise promising targets, allowing observers to instead focus their efforts at 
more promising worlds. 
 
 
Acknowledgements 
 
JH is supported by USQ’s Strategic Research Fund: the STARWINDS project. The work was 
supported by iVEC through the use of advanced computing resources located at the Murdoch 
University, in Western Australia. The authors wish to thank A/Prof Ramon Brasser and the 
anonymous second referee of this work, whose feedback greatly helped to improve the clarity 
and flow of the paper. 
 
 
References 
 
1.  Henkel, F. W., “Venus as the Abode of Life”, Popular Astronomy, 1909, 17, pp. 412 - 
417 
 
2.  Lowell, P., “Mars as the Abode of Life”, Published 1908 in New York by Macmillan, 
338 pages; available online at https://archive.org/details/marsabodeoflife00loweiala 
(accessed Wednesday 4th November 2015) 
 
3.  Hamilton, G. H., “Mars as a living planet”, The Scientific Monthly, 1921, 13, pp. 376 - 
379 
 
4.  Duckwall, W. E., “Life on Mars”, Popular Astronomy, 1941, 49, 479 – 484 
 
5.  Hanel, R., Conrath, B., Hovis, W., Kunde, V., Lowman, P., Maguire, W., Pearl, J., 
Pirraglia, J., Prabhakara, C., Schlachman, B., Levin, G., Straat, P. and Burke, T., 
“Investigation of the Martian Environment by Infrared Spectroscopy on Mariner 9 (A 5. 
2)”, Icarus, 1972, 17, pp. 423 – 442 
 
6.  Conrath, B., Curran, R., Hanel, R., Kunde, V., Maguire, W., Pearl, J., Pirraglia, J., 
Welker, J. and Burke, T., “Atmospheric and surface properties of Mars obtained by 
infrared spectroscopy on Mariner 9”, Journal of Geophysical Research, 1973, 78, pp. 
4267 - 4278 
 
7. Avduevsky, V. S., Marov, M. Ya., Rozhdestvensky, M. K., Borodin, N. F. and 
Kerzhanovich, V. V., “Soft Landing of Venera 7 on the Venus Surface and Preliminary 
Results of Investigations of the Venus Atmosphere”, Journal of the Atmospheric 
Sciences, 1971, 28, pp. 263 - 269 
 
8. Marov, M. Ya., “Venus: A Perspective at the Beginning of Planetary Evolution”, Icarus, 
1972, 16, pp. 415 – 461 
 
9. Sagan, C., Toon, O. B. and Gierasch, P. J., “Climatic Change on Mars”, Science, 1973, 
181, pp. 1045 – 1049 
 
10. Carr, M. H., Belton, M. J. S., Chapman, C. R., Davies, M. E., Geissler, P., Greenberg, R., 
McEwen, A. S., Tufts, B. R., Greeley, R., Sullivan, R., Head, J. W., Pappalardo, R. T., 
Klaasen, K. P., Johnson, T. V., Kaufman, J., Senske, D., Moore, J., Neukum, G., 
Schubert, G., Burns, J. A., Thomas, P. and Veverka, J., “Evidence for a subsurface ocean 
on Europa”, Nature, 1998, 391, p. 363 
 
11. Kivelson, M. G., Khurana, K. K., Russel, C. T., Volwerk, M., Walker, R. J. and Zimmer, 
C., “Galileo Magnetometer Measurements: A Stronger Case for a Subsurface Ocean at 
Europa”, Science, 2000, 5483, pp. 1340 - 1343 
 
12. Kivelson, M. G., Khurana, K. K. and Volwerk, M., “The Permanent and Inductive 
Magnetic Moments of Ganymede”, Icarus, 2002, 157, pp. 507 - 522 
 
13. Khurana, K. K., Kivelson, M. G., Stevenson, D. J., Schubert, G., Russell, C. T., Walker, 
R. J. and Polanskey, C., “Induced magnetic fields as evidence for subsurface oceans in 
Europa and Callisto”, Nature, 1998, 395, pp. 777 - 780 
 
14. Zimmer, C., Khurana, K. K. and Kivelson, M. G., “Subsurface Oceans on Europa and 
Callisto: Constraints from Galileo Magnetometer Observations”, Icarus, 2000, 147, pp. 
329 - 347 
 
15. Porco, C. C., Helfenstein, P., Thomas, P. C., Ingersoll, A. P., Wisdom, J., West, R., 
Neukum, G., Denk, T., Wagner, R., Roatsch, T., Kieffer, S., Turtle, E., McEwen, A., 
Johnson, T. V., Rathbun, J., Veverka, J., Wilson, D., Perry, J., Spitale, J., Brahic, A., 
Burns, J. A., Del Genio, A. D., Dones, L., Murray, C. D. and Squyres, S., “Cassini 
Observes the Active South Pole of Enceladus”, Science, 2006, 311, pp. 1393 - 1401 
 
16. Waite, J. H., Jr., Lewis, W. S., Magee, B. A., Lunine, J. I., McKinnon, W. B., Glein, C. 
R., Mousis, O., Young, D. T., Brockwell, T., Westlake, J., Nguyen, M.-J., Teolis, B. D., 
Niemann, H. B., McNutt, R. L., Perry, M. and Ip, W.-H., “Liquid water on Enceladus 
from observations of ammonia and 40Ar in the plume”, Nature, 2009, 460, pp. 487 - 490 
 
17. Ojha, L., Wilhelm, M. B., Murchie, S. L., McEwen, A. S., Wray, J. J., Hanley, J., Massé, 
M. and Chojnacki, M., “Spectral evidence for hydrated salts in recurring slope lineae on 
Mars”, Nature Geoscience, 2015, doi:10.1038/ngeo2546 
 
18.  Mayor, M. and Queloz, D., “A Jupiter-mass companion to a solar-type star”, Nature, 
1995, 378, 355-359 
 
19. Marcy, G. W. and Butler, R. P., “A Planetary Companion to 70 Virginis”, Astrophysical 
Journal Letters, 1996, 464, L147 
 
20. Butler, R. P. and Marcy, G. W., “A Planet Orbiting 47 Ursae Majoris”, Astrophysical 
Journal Letters, 1996, 464, L153 
 
21. Boisse, I., Pepe, F., Perrier, C., Queloz, D., Bonfils, X., Bouchy, F., Santos, N. C., 
Arnold, L., Beuzit, J.-L., Díaz, R. F., Delfosse, X., Eggenberger, A., Ehrenreich, D., 
Forveille, T., Hébrard, G., Lagrange, A.-M., Lovis, C., Mayor, M., Moutou, C., Naef, D., 
Santerne, A., Ségransan, D., Sivan, J.-P. and Udry, S., “The SOPHIE search for northern 
extrasolar planets. V. Follow-up of ELODIE candidates: Jupiter-analogs around Sun-like 
stars”, Astronomy and Astrophysics, 2012, 545, id. A55 
 
22. Wittenmyer, R. A., Tinney, C. G., Horner, J., Butler, R. P., Jones, H. R. A., O’Toole, S. 
J., Bailey, J., Carter, B. D., Salter, G. S. and Wright, D., “Observing Strategies for the 
Detection of Jupiter Analogs”, Publications of the Astronomical Society of the Pacific, 
2013, 125, pp. 351 - 356 
 
23. Wittenmyer, R. A., Horner, J., Tinney, C. G., Butler, R. P., Jones, H. R. A., Tuomi, M., 
Salter, G. S., Carter, B. D., Koch, F. E., O’Toole, S. J., Bailey, J. and Wright, D., “The 
Anglo-Australian Planet Search. XXIII. Two New Jupiter Analogs”, The Astrophysical 
Journal, 2014, 783, id. 103 
 
24.  Delfosse, X., Bonfils, X., Forveille, T., Udry, S., Mayor, M., Bouchy, F., Gillon, M., 
Lovis, C., Neves, V., Pepe, F., Perrier, C., Queloz, D., Santos, N. C. and Ségransan, D., 
“The HARPS search for southern extra-solar planets. XXXIII. Super-Earths around the 
M-dwarf neighbors Gl 433 and Gl 667C”, Astronomy and Astrophysics, 2013, 553, id. 
A8  
 
25. Wittenmyer, R. A., Tuomi, M., Butler, R. P., Jones, H. R. A., Anglada-Escudé, G., 
Horner, J., Tinney, C. G., Marshall, J. P., Carter, B. D., Bailey, J., Salter, G. S., O'Toole, 
S. J., Wright, D., Crane, J. D., Schectman, S. A., Arriagada, P., Thompson, I., Minniti, 
D., Jenkins, J. S. and Diaz, M., “GJ 832c: A Super-Earth in the Habitable Zone”, The 
Astrophysical Journal, 2014, 791, id. 114 
 
26. Jenkins, J. M., Twicken, J. D., Batalha, N. M., Caldwell, D. A., Cochran, W. D., Endl, 
M., Latham, D. W.,  Esquerdo, G. A., Seader, S., Bieryla, A., Petigura, E., Ciardi, D. 
R., Marcy, G. W., Isaacson, H., Huber, D., Rowe, J. F., Torres, G., Bryson, S. T., 
Buchhave, L., Ramirez, I., Wolfgang, A., Li, J., Campbell, J. R., Tenenbaum, P., S,erfer, 
D., Henze, C. E., Catanzarite, J. H., Gillil,, R. L. and Borucki, W. J., “Discovery and 
Validation of Kepler-452b: A 1.6 R⨁ Super Earth Exoplanet in the Habitable Zone of a 
G2 Star”, The Astronomical Journal, 2015, 150, id. 56 
 
27. Wittenmyer, R. A., Tinney, C. G., Butler, R. P., O’Toole, S. J., Jones, H. R. A., Carter, 
B., D., Bailey, J. and Horner, J., “The Frequency of Low-mass Exoplanets. III. Toward 
η⊕ at Short Periods”, The Astrophysical Journal, 2011, 738, id 81 
 
28. Fressin, F., Torres, G., Charbonneau, D., Bryson, S. T., Christiansen, J., Dressing, C. D., 
Jenkins, J. M., Walkowicz, L. M. and Batalha, N. M., “The False Positive Rate of Kepler 
and the Occurrence of Planets”, The Astrophysical Journal, 2013, 766, id. 81 
 
29. Batalha, N. M., “Exploring exoplanet populations with NASA’s Kepler Mission”, 
Proceedings of the National Academy of Sciences, 2014, 111, pp. 12647 – 12654 
 
30. Howell, S. B., Sobeck, C., Haas, M., Still, M., Barclay, T., Mullally, F., Troeltzsch, J., 
Aigrain, S., Bryson, S. T., Caldwell, D., Chaplin, W. J., Cochran, W. D., Huber, D., 
Marcy, G. W., Miglio, A., Najita, J. R., Smith, M., Twicken, J. D. and Fortney, J. J., “The 
K2 Mission: Characterization and Early Results”, Publications of the Astronomical 
Society of the Pacific, 2014, 126, 938 
 
31. Foreman-Mackey, D., Montet, B. T., Hogg, D. W., Morton, T. D., Wang, D. and 
Schölkopf, B., “A Systematic Search for Transiting Planets in the K2 Data”, The 
Astrophysical Journal, 2015, 806, id. 215 
 
32. Ricker, G. R., Winn, J. N., Vanderspek, R., Latham, D. W., Bakos, G. \'A., Bean, J. L., 
Berta-Thompson, Z. K., Brown, T. M., Buchhave, L., Butler, N. R., Butler, R. P., 
Chaplin, W. J., Charbonneau, D., Christensen-Dalsgaard, J., Clampin, M., Deming, D., 
Doty, J., De Lee, N., Dressing, C., Dunham, E. W., Endl, M., Fressin, F., Ge, J., Henning, 
T., Holman, M. J., Howard, A. W., Ida, S., Jenkins, J., Jernigan, G., Johnson, J. A., 
Kaltenegger, L., Kawai, N., Kjeldsen, H., Laughlin, G., Levine, A. M., Lin, D., Lissauer, 
J. J., MacQueen, P., Marcy, G., McCullough, P. R., Morton, T. D., Narita, N., Paegert, 
M., Palle, E., Pepe, F.,  Pepper, J., Quirrenbach, A., Rinehart, S. A., Sasselov, D., Sato, 
B., Seager, S., Sozzetti, A., Stassun, K. G., Sullivan, P., Szentgyorgyi, A., Torres, G., 
Udry, S. and Villasenor, J., “Transiting Exoplanet Survey Satellite (TESS)”, Proceedings 
of the SPIE, 2014, 9143, id. 914320 
 
33. Rauer, H., Catala, C., Aerts, C., Appourchaux, T., Benz, W., Brandeker, A., Christensen-
Dalsgaard, J., Deleuil, M., Gizon, L., Goupil, M.-J., Güdel, M., Janot-Pacheco, E., Mas-
Hesse, M., Pagano, I., Piotto, G., Pollacco, D., Santos, Ċ., Smith, A., Suárez, J.-C., 
Szabó, R., Udry, S., Adibekyan, V., Alibert, Y., Almenara, J.-M., Amaro-Seoane, P., 
Eiff, M. Ammler-von, Asplund, M., Antonello, E., Barnes, S., Baudin, F., Belkacem, K., 
Bergemann, M., Bihain, G., Birch, A. C., Bonfils, X., Boisse, I., Bonomo, A. S., Borsa, 
F., Brandão, I. M., Brocato, E., Brun, S., Burleigh, M., Burston, R., Cabrera, J., Cassisi, 
S., Chaplin, W., Charpinet, S., Chiappini, C., Church, R. P., Csizmadia, Sz., Cunha, M., 
Damasso, M., Davies, M. B., Deeg, H. J., Díaz, R. F., Dreizler, S., Dreyer, C., 
Eggenberger, P., Ehrenreich, D., Eigmüller, P., Erikson, A., Farmer, R., Feltzing, S., de 
Oliveira Fialho, F., Figueira, P., Forveille, T., Fridlund, M., García, R. A., Giommi, P., 
Giuffrida, G., Godolt, M., Gomes da Silva, J., Granzer, T., Grenfell, J. L., Grotsch-Noels, 
A., Günther, E., Haswell, C. A., Hatzes, A. P., Hébrard, G., Hekker, S., Helled, R., Heng, 
K., Jenkins, J. M., Johansen, A., Khodachenko, M. L., Kislyakova, K. G., Kley, W., 
Kolb, U., Krivova, N., Kupka, F., Lammer, H., Lanza, A. F., Lebreton, Y., Magrin, D., 
Marcos-Arenal, P., Marrese, P. M., Marques, J. P., Martins, J., Mathis, S., Mathur, S., 
Messina, S., Miglio, A., Montalban, J., Montalto, M., Monteiro, M. J. P. F. G., Moradi, 
H., Moravveji, E., Mordasini, C., Morel, T., Mortier, A., Nascimbeni, V., Nelson, R. P., 
Nielsen, M. B., Noack, L., Norton, A. J., Ofir, A., Oshagh, M., Ouazzani, R.-M., Pápics, 
P., Parro, V. C., Petit, P., Plez, B., Poretti, E., Quirrenbach, A., Ragazzoni, R., Raimondo, 
G., Rainer, M., Reese, D. R., Redmer, R., Reffert, S., Rojas-Ayala, B., Roxburgh, I. W., 
Salmon, S., Santerne, A., Schneider, J., Schou, J., Schuh, S., Schunker, H., Silva-Valio, 
A., Silvotti, R., Skillen, I., Snellen, I., Sohl, F., Sousa, S. G., Sozzetti, A., Stello, D., 
Strassmeier, K. G., Švanda, M., Szabó, Gy. M., Tkachenko, A., Valencia, D., Van 
Grootel, V., Vauclair, S. D., Ventura, P., Wagner, F. W., Walton, N. A., Weingrill, J., 
Werner, S. C., Wheatley, P. J. and Zwintz, K., “The PLATO 2.0 mission”, Experimental 
Astronomy, 2014, 38, pp. 249-330 
 
34. Swift, J. J., Bottom, M., Johnson, J. A., Wright, J. T., McCrady, N., Wittenmyer, R. A., 
Plavchan, P., Riddle, R., Muirhead, P. S., Herzig, E., Myles, J., Blake, C. H., Eastman, J., 
Beatty, T. G., Lin, B., Zhao, M., Gardner, P., Falco, E., Criswell, S., Nava, C., Robinson, 
C., Sliski, D. H., Hedrick, R., Ivarsen, K., Hjelstrom, A., de Vera, J. and Szentgyorgyi, 
A., “Miniature Exoplanet Radial Velocity Array (MINERVA) I. Design, Commissioning, 
and First Science Results”, Journal of Astronomical Telescopes, Instrumentation and 
Systems, 2015, 1, id 027002 
 
35. Eastman, J. D., Brown, T. M., Hygelund, J., van Eyken, J., Tufts, J. R. and Barnes, S., 
“NRES: the network of robotic Echelle spectrographs”, Proceedings of the SPIE, 2014, 
9147, id. 914716 
 
36. Tarter, J., “The Search for Extraterrestrial Intelligence (SETI)”, Annual Review of 
Astronomy and Astrophysics, 2001, 39, pp. 511 - 548 
 
37. Turnbull, M. C. and Tarter, J., “Target Selection for SETI. I. A Catalog of Nearby 
Habitable Stellar Systems”, The Astrophysical Journal Supplement Series, 2003, 145, pp. 
181 - 198 
 
38. Merali, Z., “Search for extraterrestrial intelligence gets a $100-million boost”, Nature, 
2015, 523, pp. 392 - 393 
 
39.  Kaltenegger, L., Selsis, F., Fridlund, M., Lammer, H., Beichman, C., Danchi, W., Eiroa, 
C., Henning, T., Herbst, T., Léger, A., Liseau, R., Lunine, J., Paresce, F., Penny, A., 
Quirrenbach, A., Röttgering, H., Schneider, J., Stam, D., Tinetti, G., White, G. J., 
“Deciphering Spectral Fingerprints of Habitable Exoplanets”, Astrobiology, 2010, 10, pp. 
89 - 102 
 
40. Snellen, I. A. G., de Kok, R. J., le Poole, R., Brogi, M. and Birkby, J., “Finding 
Extraterrestrial Life Using Ground-based High-dispersion Spectroscopy”, The 
Astrophysical Journal, 2013, 764, id. 182 
 
41. Arnold, L., “Earthshine Observation of Vegetation and Implication for Life Detection on 
Other Planets. A Review of 2001 – 2006 Works”, Space Science Reviews, 2008, 135, pp. 
323 – 333 
 
42. Kawahara, H., Matsuo, T., Takami, M., Fujii, Y., Kotani, T., Murakami, N., Tamura, M. 
and Guyon, O., “Can Ground-based Telescopes Detect the Oxygen 1.27 μm Absorption 
Feature as a Biomarker in Exoplanets?”, The Astrophysical Journal, 2012, 758, id. 13 
 
43. Horner, J. and Jones, B. W., “Determining habitability: which exoEarths should we 
search for life?”, International Journal of Astrobiology, 2010, 9, pp. 273 – 291 
 
44. Preto, N., Kustatscher, E. and Wignall, P. B., “Triassic climates – State of the art and 
perspectives”, Paleogeography, Paleoclimatology, Paleoecology¸2010, 290, pp. 1 – 10 
 
45. Hoffman, P. F., Kaufman, A. J., Halverson, G. P. and Schrag, D. P., “A Neoproterozoic 
Snowball Earth”, Science, 1998, 281, pp. 1342 – 1346 
 
46. Pierrehumbert, R. T., Abbot, D. S., Voigt, A. and Koll, D., “Climate of the 
Neoproterozoic”, Annual Review of Earth and Planetary Sciences, 2011, 39, pp. 417 – 
460 
 
47 Augustin, L., Barbante, C., Barnes, P. R. F.,  Marc Barnola, J., Bigler, M., Castellano, 
E.,  Cattani, O., Chappellaz, J., Dahl-Jensen, D.,  Delmonte, B., Dreyfus, G., 
Durand, G., Falourd, S., Fischer, H., Flückiger, J., Hansson, M. E.,  Huybrechts, P., 
Jugie, G., Johnsen, S. J., Jouzel, J., Kaufmann, P., Kipfstuhl, J., Lambert, F., Lipenkov, 
V. Y., Littot, G. C., Longinelli, A., Lorrain, R., Maggi, V., Masson-Delmotte, V., Miller, 
H., Mulvaney, R., Oerlemans, J., Oerter, H., Orombelli, G., Parrenin, F., Peel, D. A., 
Petit, J.-R., Raynaud, D., Ritz, C., Ruth, U., Schwander, J., Siegenthaler, U., Souchez, R., 
Stauffer, B., Peder Steffensen, J., Stenni, B., Stocker, T. F., Tabacco, I. E., Udisti, R., van 
de Wal, R. S. W., van den Broeke, M., Weiss, J., Wilhelms, F., Winther, J.-G., Wolff, E. 
W. and Zucchelli, M., “Eight glacial cycles from an Antarctic ice core”, Nature, 2004, 
429, pp. 623 - 628 
 
48.  Hays, J. D., Imbrie, J. and Shackleton, N. J., “Variations in the Earth’s Orbit: Pacemaker 
of the Ice Ages”, Science, 1976, 194, pp. 1121-1132 
 
49. Roe, G., “In defense of Milankovitch”, Geophysical Review Letters, 2006, 33, L24703 
 
50. Strom, R. G., Sprague, A. L., “Exploring Mercury: the iron planet”, eds. Strom, R. G., 
Sprague, A. L., Springer-Praxis Books in Astronomy and Space Sciences, London (UK): 
Springer, Chichester (UK): Praxis Publishing. ISBN 1-85233-731-1, 2003 
 
51. Correia, A. C. M., Laskar, J., , “Mercury's capture into the 3/2 spin–orbit resonance 
including the effect of core–mantle friction”, Icarus, 2009, 201, pp. 1 – 11 
 
52. Waltham, D., “Testing Anthropic Selection: A Climate Change Example”, Astrobiology, 
2011, 11, pp. 105 - 111 
 
53. Horner, J., Waltham, D. and Koch, F. E., “The role of Jupiter in driving Earth’s orbital 
evolution”, Proceedings of the 13th annual Australian Space Science Conference, ISBN 
13: 978-0-9775740-7-0, eds. Wayne Short and Iver Cairns, 2014, pp. 117 – 128 
 
54. Horner, J., Gilmore, J. B. and Waltham, D., “The role of Jupiter in driving Earth’s orbital 
evolution: An update”, Proceedings of the 14th annual Australian Space Research 
Conference, ISBN 13: 978-0-9775740-8-7, eds. Wayne Short and Iver Cairns, 2015, pp. 
25 – 38 
 
55. Chambers, J. E., “A hybrid symplectic integrator that permits close encounters between 
massive bodies”, Monthly Notices of the Royal Astronomical Society, 1999, 304, pp. 793 
– 799 
 
56. Horner, J. and Jones, B. W., “Jupiter – friend or foe? II: the Centaurs”, International 
Journal of Astrobiology, 2009, 8, pp. 75 - 80 
 
57. Horner, J. and Lykawka, P. S., “2001 QR322: a dynamically unstable Neptune Trojan?”, 
Monthly Notices of the Royal Astronomical Society, 405, pp. 49 - 56 
 
58. Wittenmyer, R. A., Horner, J., Marshall, J. P., “On the dynamical stability of the 
proposed planetary system orbiting NSVS 14256825”, Monthly Notices of the Royal 
Astronomical Society”, 2013, 431, pp. 2150 – 2154 
 
59. Clemence, G. M., “The Relativity Effect in Planetary Motions”, Reviews of Modern 
Physics, 1947, 19, pp. 361 - 364 
 
60. Nobili, A. M. and Will, C. M., “The real value of Mercury’s perihelion advance”, Nature, 
1986, 320, pp. 39 – 41 
 
61. Gilmore, J. B. and Ross, A., “Effective field theory calculation of second post-Newtonian 
binary dynamics”, Physical Review D, 2008, 78, 124021 
 
62. Folkner, W. M., Williams, J. G., Boggs, D. H., Park, R. S. and Kuchynka, P., “The 
Planetary and Lunar Ephemerides DE430 and DE431”, The Interplanetary Network 
Progress Report, 2014, 42, pp. 1 - 81 
 
63. Horner, J., Marshall, J. P., Wittenmyer, R. A. and Tinney, C. G., “A dynamical analysis 
of the proposed HU Aquarii planetary system”, Monthly Notices of the Royal 
Astronomical Society, 2011, 416, pp. 11 – 15 
 
64. Horner, J., Hinse, T. C., Wittenmyer, R. A., Marshall, J. P. and Tinney, C. G., “A 
dynamical analysis of the proposed circumbinary HW Virginis planetary system”, 
Monthly Notices of the Royal Astronomical Society, 2012, 427, pp. 2812 – 2823 
 
65. Horner, J., Wittenmyer, R. A., Hinse, T. C., Marshall, J. P., Mustill, A. J. and Tinney, C. 
G., “A detailed dynamical investigation of the proposed QS Virginis planetary system”, 
Monthly Notices of the Royal Astronomical Society, 2013, 435, pp. 2033 – 2039 
 
66. Horner, J., Lykawka, P. S., Bannister, M. T. and Francis, P., “2008 LC18: a potentially 
unstable Neptune Trojan”, Monthly Notices of the Royal Astronomical Society, 2012, 
422, pp. 2145 – 2151 
 
67. Horner, J., Wittenmyer, R. A., Hinse, T. C. and Tinney, C. G., “A detailed investigation 
of the proposed NN Serpentis planetary system”, Monthly Notices of the Royal 
Astronomical Society, 2012, 425, pp. 749 – 756 
 
68. Gilmore, J. B., “How reliable are latitudinal energy balance models for habitability 
calculations when using Earth’s radiative properties?”, Monthly Notices of the Royal 
Astronomical Society, 2014, 440, pp. 1435 – 1445 
 
69. Gladman, B., “Dynamics of systems of two close planets”, Icarus, 1993, 106, p. 247  
 
70. Levison, H. F., Shoemaker, E. M. and Shoemaker, C. S., “Dynamical evolution of 
Jupiter’s Trojan asteroids”, Nature, 1997, 385, pp. 42 - 44 
 
71. Horner, J., Müller, T. G and Lykawka, P. S., “(1173) Anchises – thermophysical and 
dynamical studies of a dynamically unstable Jovian Trojan”, Monthly Notices of the 
Royal Astronomical Society, 2012, 423, pp. 2587 – 2596 
 
72. Sheppard, S. S. and Trujillo, C. A., “A Thick Cloud of Neptune Trojans and Their 
Colors”, Science, 2006, 313, pp. 511 - 514 
 
73. Lykawka, P. S., Horner, J., Jones, B. W. and Mukai, T., “Origin and dynamical evolution 
of Neptune Trojans – II. Long-term evolution”, Monthly Notices of the Royal 
Astronomical Society, 2011, 412, pp. 537 – 550 
 
74. Dvorak, R., Pilat-Lohinger, E., Schwarz, R. and Freistetter, F., “Extrasolar Trojan planets 
close to habitable zones”, Astronomy & Astrophysics, 2004, 426, pp. 37 -  
 
75. Schwarz, R., Süli, Á, Dvorak, R. and Pilat-Lohinger, E., “Stability of Trojan planets in 
multi-planetary systems. Stability of Trojan planets in different dynamical systems”, 
Celestial Mechanics and Dynamical Astronomy, 2009, 104, pp. 69 - 84 
 
76. Tinney, C. G., Wittenmyer, R. A., Butler, R. P., Jones, H. R. A., O’Toole, S. J., Bailey, J. 
A., Carter, B. D. and Horner, J., “The Anglo-Australian Planet Search. XXI. A Gas-giant 
Planet in a One Year Orbit and the Habitability of Gas-giant Satellites”, The 
Astrophysical Journal, 2011, 732, id. 31 
 
77. Laughlin, G. and Chambers, J. E., “Extrasolar Trojans: The Viability and Detectability of 
Planets in the 1:1 Resonance”, The Astronomical Journal, 2002, 124, pp. 592 - 600 
 
78. Moons, M. and Morbidelli, A., “Secular Resonances in Mean Motion 
Commensurabilities: The 4/1, 3/1, 5/2 and 7/3 Cases”, Icarus, 1995, 114, pp. 33 – 50 
 
79. Ward, P. and Brownlee, D., “Rare earth: why complex life is uncommon in the universe”, 
2000, Peter Ward, Donald Brownlee, New York : Copernicus 
 
80. Laakso, T., Rantala, J. and Kaasalainen, M., “Gravitational scattering by giant planets”, 
Astronomy and Astrophysics, 2006, 456, 1, pp. 373 - 378 
 
81. Horner, J. and Jones, B. W., “Jupiter friend or foe? I: The asteroids”, International 
Journal of Astrobiology, 2008, 7, pp. 251 – 261  
 
82. Horner, J., Jones, B. W. and Chambers, J., “Jupiter – friend or foe? III: the Oort cloud 
comets”, International Journal of Astrobiology, 2010, 9, pp. 1 - 10 
 
83. Horner, J. and Jones, B. W., “Jupiter – friend or foe? IV: the influence of orbital 
eccentricity and inclination”, International Journal of Astrobiology, 2012, 11, 3, pp. 147 
– 156 
 
84. Grazier, K. R., “Jupiter: Cosmic Jekyll and Hyde”, Astrobiology, 2016, 16, 1, pp. 23 - 28 
 
85. Goddéris, Y., Donnadieu, Y., Lefebvre, V., Le Hir, G. and Nardin, E., “Tectonic control 
of continental weathering, atmospheric CO2, and climate over Phanerozoic times”, 
Comptes rendus – Géoscience, 2012, 344, 11-12, pp. 652 – 662 
 
86. Berner, R. A., “Paleozoic Atmospheric CO2: Importance of Solar Radiation and Plant 
Evolution”, Science, 1993, 261, 4117, pp. 68 – 70 
 
87. Kiehl, J. T. and Shields, C. A., “Climate simulation of the latest Permian: Implications 
for mass extinction”, Geology, 2005, 33, 9, 757 
 
88. Alvarez, L. W., Alvarez, W., Asaro, F. and Michel, H. V., “Extraterrestrial Cause for the 
Cretaceous-Tertiary Extinction”, Science, 1980, 208, 4448, pp. 1095 - 1108 
 
89. Schulte, P., Alegret, L., Arenillas, I., Arz, J. A., Barton, P. J., Bown,  P. R., Bralower, T. 
J., Christeson, G. L., Claeys, P., Cockell, C. S., Collins, G. S., Deutsch, A., Goldin, T. J., 
Goto, K., Grajales-Nishimura, J. M., Grieve, R. A. F., Gulick, S. P. S., Johnson, K. R., 
Kiessling, W., Koeberl, C., Kring, D. A., MacLeod, K. G., Matsui, T., Melosh, J., 
Montanari, A., Morgan, J. V., Neal, C. R., Nichols, D. J., Norris, R. D., Pierazzo, E., 
Ravizza, G., Rebolledo-Vieyra, M., Reimold, W. U., Robin, E., Salge, T., Speijer, R. P., 
Sweet, A. R., Urrutia-Fucugauchi, J., Vajda, V., Whalen, M. T. and Willumsen, P. S., 
“The Chicxulub Asteroid Impact and Mass Extinction at the Cretaceous-Paleogene 
Boundary”, Science, 2010, 327, 5970, pp. 1214 –  
 
90. Waltham, D., “On the absence of solar evolution-driven warming through the 
Phanerozoic”, Terra Nova, 2014, 26, pp. 282 – 286 
 
91. Atreya, S. K., Wong, A. –H., Renno, N. O., Farrell, W. M., Delory, G. T., Sentman, D. 
D., Cummer, S. A., Marshall, J. R., Rafkin, S. C. R. and Catling, D. C., “Oxidant 
Enhancement in Martian Dust Devils and Storms: Implications for Life and Habitability”, 
Astrobiology, 2006, 6, 3, pp. 439 - 450 
